Objectives: This study aims to evaluate the role of diffusion-weighted imaging in detection of active sacroiliitis and compare the apparent diffusion coefficient (ADC) and normalized relative ADC (r-ADC) values by using vertebra and iliac wings as reference organs.
Diffusion-weighted magnetic resonance imaging is predicated on the basis of the fact that any particle in a liquid (e.g. water) that is stimulated by thermal energy is randomly displaced causing Brownian motion of the particles also named as molecular diffusion creating signal alteration in tissues. 1 Intravoxel incoherent motion of water molecules in the extracellular space is measured from diffusion-weighted imaging (DWI) with at least two identified b values by combining the effects of water diffusion and capillary perfusion. The term apparent diffusion coefficient (ADC) is a quantitative parameter calculated from diffusion-weighted images. 2 Various pathological conditions cause alteration of the mobility of water molecules in biological Diffusion Weighted Imaging in Sacroiliitis tissues and can be detectable with DWI. 3 DWI is most commonly used in the assessment of acute stroke. 3 Other clinical applications include demyelinating diseases (e.g. multiple sclerosis), brain tumors and abscess, and musculoskeletal abnormalities. 3, 4 Musculoskeletal abnormalities assessed by DWI are muscle, cartilage and soft tissue diseases, several spinal abnormalities, and bone marrow edema. 4 Acute osteoporotic and metastatic fractures of vertebra, spinal infection and malignancy can be discriminated by the help of DWI. Detection of skull metastasis and traumatic bone marrow edema are also possible with DWI. 3, 4 Seronegative spondyloarthropathies (SpA) are a group of diseases composed of ankylosing spondylitis (AS), Reiter syndrome, enteropathic arthritis, psoriatic arthritis, and undifferentiated SpA. 5 There is no relationship between the rheumatoid factor and the disease group, and the presence of class I human histocompatibility leukocyte antigen-B27 has been shown to increase 20 times the risk of developing a SpA as compared to general population. 6, 7 Sacroiliac joints are primarily affected in SpAs and sacroiliitis is an important diagnostic criterion in the disease group. 4, 6 Inflammatory back pain is the primary symptom of sacroiliitis that is aggravated by rest and improved by physical activity. 8 Because of difficulty in differentiating mechanical back pain and inflammatory back pain, imaging is important in the diagnosis of sacroiliitis. 6 Although the first step imaging modality is radiography, it may take two to five years to become apparent on plain films that retard the diagnosis. Therefore, further imaging modalities are needed to diagnose the entity earlier. 4 The ability of earlier diagnosis with advanced magnetic resonance imaging (MRI) techniques like dynamic contrast-enhanced MRI or DWI even in the lack of positive laboratory findings for SpA make the method accessible as compared to plain radiographs or computed tomography especially in the active stage of disease. 4, 6 The diffusivity of an individual tissue may be affected by many in vivo (like patients' age and body temperature) and ex vivo (like different MRI devices, area of region of interest [ROI], b value) factors. To eliminate these variations, use of normalized ADC, also named as relative ADC (r-ADC) is suggested which is calculated by the formula ADC lesion/ADC reference site. 9 The relativity of the ADC measurements is supposed to be minimized with the help of r-ADC, which are calculated by dividing the lesion ADC values by the ADC values of the reference organ. 10 In this study, we aimed to evaluate the role of DWI in detection of active sacroiliitis and compare the ADC and r-ADC values by using vertebra and iliac wings as reference organs. We used the Berlin algorithm for the diagnosis of axial SpA and calculating the percentage of the probability of SpA. According to Berlin algorithm, assessment of inflammatory back pain might lead to the evaluation of other clinical features including positive family history, positive response to non-steroidal anti-inflammatory drugs, acute phase reactants (raised erythrocyte sedimentation rate/C-reactive protein), presence of dactylitis, uveitis, psoriasis, alternating buttock pain, asymmetrical arthritis, heel pain, and Crohn's disease which is followed by histocompatibility leukocyte antigen-B27 testing and skeletal imaging. 11 Depending on the presence or absence of the above mentioned features of SpA, the probability of the presence of axial SpA was determined. A probability of ≥90% was used to make a diagnosis of axial SpA.
PATIENTS AND METHODS
11 Exclusion criteria were pregnancy, being younger than 18 years old, current infections, malignity, known metabolic diseases, usual contraindications for MRI (i.e. cardiac pacemakers, neurostimulators, ferromagnetic implants, etc.), and known allergy to gadolinium-based contrast agents.
All patients underwent MRI at 1.5-Tesla superconducting eight channel MRI system (Achieva, Philips Medical Systems, Best, The Netherlands) provided with high-speed gradients. The following sequences of sacroiliac joints in the oblique coronal and axial planes as the standard protocol were obtained in the supine positions with a high-resolution phased-array coil: turbo spin-echo T 1 -weighted (repetition time/echo time, 600/minimum), turbo spin-echo T 2 -weighted (repetition time/echo time, 2100/80), T 2 -weighted spectral presaturation with inversion recovery (SPIR) (3100/70), T 1 -weighted SPIR (600/ minimum) with and without gadolinium-based contrast agents (0.1 mmoL/kg of body weight). All sequences contained lower lumbar spine (Figures 1a-c ADC maps were generated. T 2 -weighted SPIR images, contrast-enhanced images and diffusion-weighted images with ADC maps were put on the screen side by side. In the disease group, the hyperintense lesions on T 2 -weighted SPIR images and enhanced focuses on contrastenhanced images were noted and the same lesions were marked on DWI images and ADC map. A circular ROI with a range of 40-75 mm 2 was placed in those areas. In the control group a circular ROI was placed in the subarticular area of joints. Also, the same process was performed for the normal-appearing bone marrow areas near the joints of the disease group (Figure 2 ). Four standard measurements were conducted from each joint, including two on sacral and the other two on the iliac side for all patients ( Figure 3) . Additionally, two measurements were conducted from the fifth lumbar vertebra and one from each iliac wing ( Figure 4 ). All measurements were performed twice. ADC values were expressed as square millimeters per second. The r-ADC ratio was calculated by dividing ADC value of subchondral bone or inflammatory lesions to ADC values of the fifth lumbar vertebra and iliac wings. 
Statistical analysis
Statistical calculations were performed on a personal computer using PASW statistical package for Windows version 18.0 (SPSS Inc., Chicago, IL, USA). Independent samples t tests were applied to data of normal distribution and Mann-Whitney U test tests were applied to data of questionably normal distribution to compare independent groups. The distribution of categorical variables in groups was compared using Pearson Chi-square test. P values lower than 0.05 were considered as statistically significant. The kappa test was used to evaluate interobserver reliability.
Contrast-enhanced T 1 -weighted SPIR images were used as reference standard for the presence of active inflammatory changes. Receiver operator characteristic curves were formed for each magnetic resonance sequences, and area under curve measurements were performed to assess ability of the test to discriminate disease. The area under curve values near to 1.0 represented perfect test results, while values less than or equal to 0.5 were equivalent or worse results than expected by random chance. The area under curve values were interpreted as follows: 0.9 to 0.99=excellent, 0.8 to 0.89=good, 0.7 to 0.79=fair or reasonable, and 0.51 to 0.69=poor.
RESULTS
Disease and control groups were homogenous. There was no difference in the age and the sex distribution statistically (Table 1) . Thirty-nine patients with chronic back pain were diagnosed as axial spondyloarthritis with sacroiliitis and had active inflammatory changes on MRI of sacroiliac joints. Seventeen patients were diagnosed as having chronic back pain of mechanical origin. Among 39 patients with active sacroiliitis, 23 had erosions on either sacral or iliac surfaces; eight patients had sclerosis either on the right sacral bone (RSB), left sacral bone (LSB), right subchondral iliac bone (RIB) or left subchondral iliac bone (LIB) detected by plain radiographs; and sixteen patients had periarticular fat deposits in the bone marrow. Three of all patients had ankylosis while 15 with active sacroiliitis had no structural changes on MRI.
In the inflammatory back pain group, mean ADC measurements of all sacral and iliac bones were significantly higher than that of patients with mechanic back pain ( Table 1 ). There was no significant difference between the mean ADC values of the bone marrow of L5 vertebra and iliac wings in patients with active sacroiliitis and mechanic back pain ( Table 1 ). The mean ADC measurements of active lesions for both sides of joints for iliac and the sacral bones were significantly higher than either normalappearing bone marrow areas in patients with active sacroiliitis or in patients with mechanical back pain (Table 1) .
When the r-ADC ratios of both groups' normalappearing bone marrow and inflammatory lesions calculated by fifth lumbal vertebra were compared, r-ADC values of active lesions were considerably higher than normal-appearing bone marrow areas both in patients with active sacroiliitis or in patients with mechanical back pain. There was no significant difference between the r-ADC values of both groups' normal-appearing subchondral bones calculated with L 5 vertebra chosen as the reference organ (Table 1) .
When the r-ADC ratios of both groups and inflammatory lesions calculated by iliac wing were compared, r-ADC values of active lesions were considerably higher than normal-appearing bone marrow areas both in patients with active sacroiliitis or in patients with mechanical back pain. Except from right iliac bone, there was no significant difference between the r-ADC values of both groups' normal-appearing iliac and sacral Receiver operator characteristic curves were formed for both ADC and r-ADC values (Table 2) . By using the contrast-enhanced T 1 Good values of all the three methods indicate that both ADC and r-ADC values regardless of the location can discriminate active lesions in sacroiliitis similar to contrast-enhanced T 1 -weighted images.
When receiver operating characteristic analysis of three methods was compared, AUC values of ADC measurements without normalizing with a reference organ were the highest as compared to r-ADC measurements. AUC values for lesions calculated with r-ADC with the reference organ chosen as L 5 vertebra were higher than the AUC values for lesions calculated with r-ADC with the reference organ chosen as iliac wings.
The agreement between the two radiologists was analyzed with kappa (k), according to the following interpretation of the k value: 0.00-0.20, poor agreement; 0.21-0.40, fair agreement; 0.41-0.60, moderate agreement; 0.61-0.80, considerable agreement; and 0.81-1.00, nearly perfect agreement. In our study, authors compared the DWI images with the contrastenhanced T 1 -weighted fat saturated images in Area under curve 95% CI p terms of measuring variability. The percentage of agreement between the two researchers and the weighted kappa coefficients was calculated with 95% confidence intervals which was almost perfect in detecting active sacroiliitis for both contrast-enhanced T 1 -weighted fat saturated images and diffusion-weighted images (Table 3) .
DISCUSSION
The detection of active sacroiliitis in SpA patients is critical in the management and follow-up protocol. 6 Until recently, radiography was the primary imaging method to determine sacroiliitis after clinical assessment according to the modified New York criteria. 12 As it may take up to 10 years for sacroiliitis to become evident on radiographs and with the progresses in the field of SpA, new diagnostic tools were needed to diagnose sacroiliitis as well as to avoid probable complications in the later stages of disease and decrease morbidity. Furthermore, with the introduction of anti-tumor necrosis factor agents having great potential to improve the outcome, earlier diagnosis of sacroiliitis became even more significant. 12 MRI may depict the inflammatory changes in the sacroiliac joints years before the appearance of structural changes on the roentgenograms. 13 STIR images together with the contrast-enhanced fat-suppressed T 1 -weighted images were used to detect inflammation. In some studies, contrastenhanced T 1 -weighted sequences were found to be more sensitive than STIR and fat-suppressed T 2 -weighted images. 4 Up to date, many studies have been performed on detection of sacroiliitis with DWI. Bozgeyik et al. 4 studied 42 patients with chronic low back pain (suspected spondyloarthropathy). ADC values of active inflammatory lesions in active sacroiliitis group were significantly higher than mechanical low back pain group. They concluded that DWI is a sensitive, fast sequence and does not require a contrast agent, which makes it a good and cost-effective alternative for imaging sacroiliac joints. DWI also allows quantifying diffusion coefficients of the lesions, which can discriminate between normal and involved subchondral bone, and offers a new alternative for follow-up. DWI may be useful in the early diagnosis and follow-up of the acute inflammatory lesions that occur in early axial spondyloarthritis. 4 Gaspersic et al. 14 showed in their study that ADC values of AS patients at b value of 400 were higher than that of the normal bone marrow. They evaluated the effects of different therapies on enthesitis and osteitis in active AS using DWI and dynamic contrast enhanced-MRI. They concluded that quantitative MRI parameters diminished significantly with regression of the inflammatory activity. DWI and dynamic contrast enhanced-MRI were shown to be effective in quantifying changes in inflammation during the treatment of AS and may be convenient for assessing treatment efficacy. 14 Ai et al. 15 evaluated 52 patients of whom 16 had early active sacroiliitis. They found that ADC values of inflammatory lesions of AS patients at b values of 600 s/mm 2 were significantly higher than that of adjacent relatively normal regions and also the latter was higher than that of low back pain and control group. They concluded that DWI was established as a highly reliable imaging tool for the early diagnosis and followup monitoring of AS patients. With the rapid progress of advanced imaging techniques, DWI and whole body-DWI will likely provide a widened application in the early diagnosis and long-term follow-up in AS patients. 15 Moreover, Sanal et al. 2, 16 performed two studies in 2013 with 21 and 33 patients and stated that DWI is comparable to visual analysis and active lesions in sacroiliitis of AS patients serving an adjunct to STIR. Also, they demonstrated that DWI may reflect the inflammatory state of disease by quantifying the bone marrow changes. The ADC values of lesions in one of their study were significantly lower than that of lesions. Their other publication was about the visual analysis and perception of the active lesions in sacroiliitis of AS patients and they stated that DWI was comparable in visual analysis and perception. 2, 16 Gezmis et al. 6 evaluated 62 patients diagnosed as SpA and 40 healthy controls. They found that the differences in mean ADC values between disease and control groups were statistically significant. In their study, the mean ADC value of 0.86x10 -3 mm 2 /s obtained from active lesions was significantly higher than the control group. Also, they showed that the mean ADC values of the normal-appearing bone marrow of patients were significantly higher than the control group. 6 In their study on multiparametric MRI in the detection of early inflammatory sacroiliitis, Boy et al. 17 used b values of 0, 100, 600 and 1000 s/mm 2 when acquiring diffusion-weighted images. They concluded that the addition of DWI does not provide significant value in the diagnosis of osteitis for both experienced and relatively inexperienced radiologists. 17 Dewan et al. 18 evaluated 15 patients with AS, 20 patients with low back pain, and 20 control subjects. They applied whole body DWI at the b value of 600 s/mm 2 to 10 clinically confirmed AS patients. According to the results of their study, the mean ADC values of iliac and sacral bones were statistically significantly higher in the AS group than that of LBP group. There was no statistically significant difference between the mean ADC values of LBP and control group. They concluded that DWI and whole body-DWI by measuring the ADC values were sensitive and fast sequences that allow differentiation between inflammatory and mechanical low back pain. 18 Zhao et al. 19, 20 performed two studies in 2014 and 2015 with 56 and 41 patients, respectively. In their study performed in 2014, they found that ADC values were significantly different among AS active, AS chronic, and the control groups. They stated that diffusion-weighted sequences and contrast-enhanced sequences were superior to other methods of evaluating the activity in AS. In their study performed in 2015, they evaluated tissue diffusivity, perfusion fraction (f), and pseudo-diffusion coefficient values for three groups that were consisted of AS active patients, AS chronic patients, and healthy volunteers. They found that tissue diffusivity and perfusion fraction of intravoxel incoherent motion DWI in AS show a significant difference in the values of diffusion of water molecules and fractional perfusion-related volume among the three groups. 19, 20 Furthermore, Zhang et al. 21 evaluated 16 healthy controls and 52 patients in their study. They found a statistically significant difference between ADC values of the control and AS groups. Also, in their study, there was a statistically significant difference between the control and patient groups in the right ilium ADC values while there were no significant differences between the two groups in the left ilium, left sacrum and right sacrum. They concluded that the ADC values of lesions were greater than those of the unaffected portions in AS patients. 21 Our study revealed that ADC values of active lesions in patients with axial SpA were significantly higher than the ADC values of unaffected parts of bone marrow in patients with active sacroiliitis as well as the ADC values of bone marrow in patients with chronic back pain that were similar with the majority of the literature. There are slight differences in the ADC values in different studies that may be attributed to the different MRI device and different b values. Moreover, similar to the studies of Gezmis et al. 6 and Ai et al. 15 and unlike the studies of Zhang et al. 21 and Sanal et al., 16 the ADC values of unaffected portions of sacroiliac joints in patients with active sacroiliitis were also greater than the ADC values of bone marrow in patients with chronic back pain. This result may be due to the extensive spread of active lesions to the subchondral bone marrow area. Another reason was that although the patients in our study admitted to Rheumatology Department first time with the presenting symptoms of axial SpA and were thought to be in early stages of the disease, more than half of the patients had already developed structural changes, indicating that actually they were not in early stages of the disease. The patients with chronic sacroiliitis as well might have affected the measurements in such a way that the remaining normal appearing bone marrow area was very limited because of erosions and periarticular fatty deposits. Thus, neighboring active lesion areas may have affected the measurements.
Normalized ADC, known as r-ADC, which is calculated by the formula ADC lesion/ADC reference site 9 is used to normalize the ADC value and eliminate the individual differences. A number of studies have been performed by using r-ADC values for characterization of focal pancreatic lesions, 22 in liver fibrosis, 23 for estimating histological grade of vesical urothelial carcinoma, 24 monitoring the development of brain infarction, 25 and assessing benign and malignant breast lesions. 26 To our knowledge, no study has been conducted by using r-ADC values performed on the musculoskeletal system so far. In our study, we used L 5 vertebra or iliac wings as the reference organs to eliminate individual differences of bone marrow of patients as well as the differences arising from the acquisition protocol and signal analysis. The patients' own normal bone marrow was chosen as the reference standard and a proportional value was obtained for each patient. We saw that normalized ADC values were able to detect active sacroiliitis as well as the conventional DWI. r-ADC measurements of lesions could discriminate the disease with the reference site chosen as either vertebra or iliac wings. In r-ADC values calculated with the L 5 vertebra, there was no significant difference between unaffected portions of bone marrow areas in patients with sacroiliitis and mechanic back pain whereas the r-ADC remained still higher than the normal bone marrow areas in patients with sacroiliitis or mechanic back pain. So, we think that this method may be used to detect real active lesions by normalizing unaffected portions of sacroiliitis patients that were also higher in DWI without normalizing method. As a consequence, we think that L 5 vertebra is a more useful reference organ in calculating r-ADC than iliac wings. Furthermore, because of the difficulty in measuring the ADC values of iliac wings owing to the narrow zone to put the ROI in MRI sections, choosing the L 5 vertebra as the reference organ is much easier in addition to the advantage of having the similar architecture with the bones of the sacroiliac joint. Also, AUC values for lesions calculated with r-ADC with the reference organ chosen as L 5 vertebra were higher than the AUC values for lesions calculated with r-ADC with the reference organ chosen as iliac wings. This method may be safely used to detect active sacroiliitis in individuals that have pathologic conditions causing generalized bone marrow edema that might affect subchondral bone marrow ADC values. By this way, quantification of active lesions can be performed more accurately. We did not have any patient with generalized bone marrow edema; however, particularly younger patients had more active bone marrow. Still, the number of those patients was not sufficient to conduct a statistical analysis to compare with the patients with less active bone marrow edema. Further studies are required with younger and older populations to compare vertebral bone marrow and r-ADC values of sacroiliac joints of the groups to understand effectivity of r-ADC values.
In contrast to the study of Boy et al., 17 we think that addition of DWI to the standard MRI protocol of sacroiliac joints increases the awareness of active sacroiliitis and as well as the rest of the researches on DWI of sacroiliitis.
Our study has some limitations. One disadvantage of the DWI over the conventional MRI sequences was the insufficiency of DWI to show anatomic structures due to the echoplanar imaging-based DWI, which suffers from geometrical image distortions owing to the long gradient echo train lengths. 16 Most of the time, a conventional sequence in the same plane was needed to demonstrate the joints on DWI. Nevertheless, sufficient contrast between the lesions and normal-appearing bone marrow could be obtained to reveal the active stage of the disease. Dietrich et al. 27 and Raya et al. 28 studied with a new technique called as rapid acquisition with relaxation enhancement-based DWI for musculoskeletal applications. In this technique, image distortions were less than the single-shot echo-planar imaging technique and enabled more anatomic information, as the muscle and fat signals were considerably higher. For optimization and development of the image quality, further studies are needed to employ new DWI strategies in the musculoskeletal field.
The lack of standardization in DW-MRI (including acquisition protocol and signal analysis) is an important limitation for a valid inter-study comparison. To overcome this limitation, normalized ADC might be considered as future research tracks since technological innovation continues to enhance the nature of clinical DW-MRI and more refined information handling frameworks are currently accessible.
Another limitation of our study was that, in our hospital, near all of the patients undergoing sacroiliac joint examination were referred from the rheumatology department. Thus, the radiologists knew that those patients were suffering from inflammatory back pain and they were aware of the high probability of MRI to be positive. This was a contributing factor for high sensitivity and reliability.
Another restriction of our study was its small sample size. Therefore, studies with larger populations are needed. Diffusion Weighted Imaging in Sacroiliitis
In conclusion, DWI is a fast, sensitive MRI sequence in the detection of active sacroiliitis. It helps to differentiate normal and pathological subchondral bone marrow by measuring ADC values. It does not require contrast agent and may be safely used as an adjunct to conventional MRI sequences. Also, ADC normalization is a promising tool to improve the accuracy of ADC measurements and diagnostic performances. This method might be used as an alternative to standard ADC measurements for the demonstration of inflammation in detecting active sacroiliitis. It helps eliminate individual bone marrow differences by using patients` own normal bone marrow measurements and increases diagnostic accuracy.
